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Elastic constants and tensile properties of Al,OC by density functional calculations
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Al,OC is a compound that forms as a nanoscale grain-boundary crystalline film in silicon carbide ceramics,
and is responsible for imparting high low-temperature toughness and high-temperature creep strength in these
materials. The elastic properties and ultimate strengths properties of Al,OC are determined from first-principles
calculations. The crystal structure of AILOC was approximated by an optimized model based on the wurtzite
structure. The full set of single-crystal elastic stiffness ¢;; was calculated, from which the polycrystalline elastic
constants were obtained by using the Voigt-Reuss-Hill averaging scheme. The tensile properties and the ideal
strength in [001] direction of Al,OC were also computed and compared to those of SiC, where it was found
that indeed, Al,OC is the weaker and more brittle phase, supporting fracture mechanics expectations for SiC

containing Al,OC-type intergranular films.
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I. INTRODUCTION

The mechanical properties of polycrystalline, brittle ma-
terials, such as SiC depend critically on the nature of the
intergranular bonding. Specifically, the resistance to crack
propagation can be raised dramatically by the presence of
nanometer-thick grain-boundary films that are weaker than
the surrounding matrix. There are several examples of this
where AL,OC can be an interfacial phase, for example, in
composites of SiC and Al,03,! and most notably where SiC
is sintered with Al, B, and C additives to make ABC-SiC, the
toughest SiC ceramic reported to date.>~® Since the mechani-
cal characteristics of Al,OC are unknown (the boundary
films are too small, ~1 to 3 nm thick, for direct experimental
measurement), it has been difficult to rationalize such un-
precedented toughness levels in silicon carbides containing
such intergranular Al,OC-type films. Accordingly, here we
follow a computational route to determine elastic and ulti-
mate strength properties of Al,OC, a wurtzite-type structure,
and to ascertain if the properties of Al,OC conform to frac-
ture mechanics expectations for the toughness of SiC ceram-
ics.

The wurtzite form of aluminum oxycarbide (Al,0C) is
isostructural and isoelectronic with the 2H polymorphs of
SiC and AIN. Through alloying with these carbides and ni-
trides, AlL,OC provides an additional means for controlling
their microstructure and properties.”!> For example, solid
solutions such as AIN-AL,LOC and SiC-AIN-ALOC (also
called SiCAION) have been successfully synthesized.”~!2

In contrast to the well characterized SiC, AIN, and Al,O4
compounds, the mechanical properties of Al,OC are difficult
to determine experimentally. This is primarily due to the
metastability of ALLOC at room temperature and, as noted
above, the small-scale of Al,OC as an intergranular, meta-
stable phase. In equilibrium, single phase Al,OC can only
exist above 1715° C; below this temperature it tends to de-
compose into Al,;0,C and Al,C;.'>'* At room temperature,
the transformation of Al,OC is kinetically hindered, but can
be retained by rapid cooling from the high-temperature pro-
cessing steps.
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PACS number(s): 62.20.Dc, 81.40.Jj, 81.05.Zx

In this paper, we approach the problem of determining the
experimentally unavailable properties of Al,OC with first-
principles calculations. The full set of single crystal elastic
constants, the polycrystalline elastic constants, and the ten-
sile properties were computed, together with the mechanical
properties of SiC for comparison.

II. CALCULATION DETAILS

All computations were based on the density functional
theory.!>1¢ Structural optimization and mechanical properties
were calculated using the pseudopotential plane-wave
method, as implemented in the ABINIT package.!” We used
norm conserving Troullier-Martins pseudopotentials'® for the
four elements, and a cutoff energy of 70 Ry for the plane-
wave expansion. The local density approximation (LDA)
exchange-correlation functional of Perdew and Zunger'® was
employed. Integrations over the Brillouin zone were approxi-
mated by the special k-points method.?® The k-point sam-
pling in the Brillouin zone and the plane-wave cutoff energy
were tested to ensure that the absolute total energies con-
verged to 3 meV/atom, that the relative total energies be-
tween different models converged to 0.3 meV/atom, and that
the elastic constants converged to within 2 GPa. During the
calculations of the equation of state, the single-crystal elastic
constants, and the tensile strength, the relaxations of both the
internal structural parameters and the cell shape were
included. The structural relaxation was performed until the
residual forces and stresses were less than 5
X 107 Hartree/Bohr and 5 X 10~7 Hartree/Bohr?, respec-
tively.

The electronic structures were analyzed with the full-
potential linearized augmented plane waves (FLAPW)
method.”?! Augmented plane waves plus local orbitals
(APW +1o) (Ref. 22) were used for the valence states, while
conventional LAPWs were applied to the other states. The
total and partial densities of states (DOS) were obtained from
the modified tetrahedron method of Blochl et al.??
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FIG. 1. (Color online) (a) Schematic unit cell of the 2H struc-
ture. (b) An ordering model of 0P8 based on the 2H structure. Each
Al atom has two O and two C neighbors, while all neighbors of O
and C are Al (c) The ordering patterns in the (O, C) plane for the
models 0P8 and oP16. The solid and dotted lines outline the ortho-
rhombic supercells and the corresponding disordered 2H unit cell,
respectively. For the 7P4 structure (not shown here), the ordering
occurs along the ¢ direction (normal to the paper).

III. RESULTS AND DISCUSSIONS
A. Crystal structure and energetics

At high temperatures, Al,OC [or written as Al (O, C) to
show the similarity with AIN and SiC] has a hexagonal 2H-
wurtzite structure in which O and C atoms occupy the non-
metal positions randomly [Fig. 1(a)].”!3 Rapid cooling to
room temperature results in retention of a metastable Al,OC,
in which the short-range O and C ordering complicates the
experimental determination of the crystal structure.”*? Here,
we use supercell models, in which O and C atoms occupy
ordered positions, to approximate the wurtzite-type Al,OC
phase. It should be noted that we say the wurtzite-type
ALOC only in the statistical meaning. Microscopically,
AL,OC would never exist in the wurtzite-type structure be-
cause the local ordering of O and C unavoidably breaks the
symmetry of the wurtzite structure. It is, however, reasonable
to assume that if a model structure and the actual material
have similar atomic coordination and similar structural pa-
rameters, they would have similar mechanical properties.

Three ordered structural models are considered here. In
the first model, the nonmetal planes are composed of both O
and C atoms [Fig. 1(b)]; each Al atom has two O and two C
neighbors, while all neighbors of O and C are Al, so that
each Al-O-C tetrahedron is composed of two O and two C at
the corners and one Al in the center. This type of ordering
reduces the symmetry from hexagonal to orthorhombic, i.e.,
the space group changes from P6;mc of the wurtzite struc-
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FIG. 2. The total energies of the Al,OC model structures as a
function of volume. 0P8 has the lowest energy at its equilibrium
volume, while 2P4 is more stable at high pressures (small vol-
umes). The curves were fitted using the Vinet equation of state.

ture to Pmc2;. This model is referred to as oP8 after its
Pearson symbol. In the second model, the nonmetal planes
composed of either O or C atoms stack alternatively along
the c-axis direction. In each unit cell, one Al atom has one O
and three C neighbors, and another Al atom has three O and
one C neighbors. This type of ordering reduces the space
group to P3ml. This model structure is referred to as hP4.
The third model is similar to 0P8 in terms of the nearest
neighbors, but the ordering pattern in the (O, C) plane is
different [Fig. 1(c)]. This model has a space group of Pna2,;
and will be referred to as oP16.

By fitting the total energy as a function of the unit cell
volume to the Vinet equation of state,2® which is one of the
more accurate formulations for equations of state,?’ the mini-
mum energies and the equilibrium volumes of the three
Al,OC models were obtained, as shown in Fig. 2. The opti-
mized lattice parameters, total energies, bulk moduli, and the
atomic coordinates of the three Al,OC models are listed in
Table I and Table II, respectively. At equilibrium, the total
energies of hP4 and oP16 are higher than 0P8 by 187 meV
and 23 meV per Al,OC, respectively, implying that ZP4 and
oP16 are unstable relative to 0P8 at ambient pressure. More
importantly, 0P8 has similar atomic coordination and struc-
tural parameters to those experimentally measured for
AlL,OC. Therefore, for more detailed calculations, we fo-
cused on the oP8 model. Specifically, the electronic struc-
ture, elastic constants, and ideal tensile strength were com-
puted. For comparison, some properties of the well-
characterized SiC were also calculated.

It is interesting to note that the coordination relationship
of hP4 changed after the relaxation. The new structure has a

space group of P6m2, and the Al atoms are coplanar with C
or O in the (0001) planes. Model AP4 has less equilibrium
volume than 0P8, and becomes more stable at high pres-
sures. By comparing the enthalpy (H=E+pV, E is the inter-
nal energy, p is the pressure, and V is the volume) of hP4
and oP8, the transition pressure was determined to be
13 GPa.
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TABLE I. Lattice parameters, total energies, and bulk moduli of
Al,OC. 0P8 has the lowest energy and is used as a reference for the
total energy. The experimental values (Refs. 13 and 28) are given in
parentheses. For 0P8 and oP16, the experimental values are scaled
to the corresponding supercells. The results for two SiC polytypes
(the wurtzite structured 2H-SiC and the zinc-blende structured
3C-SiC) are also listed for comparison.

Energy Bulk modulus

Models a (A) b (A) ¢ (A) (eV/formula) (GPa)

oP8 3273 5330 5.030 0 163
(3.17) (5.49) (5.06)

oP16 5.889 6.231 5.057 0.023 165
(5.49) (6.34) (5.06)

hP4 3.435 4.048 0.187 186
(3.17) (5.06)

3C-SiIC 4.331 0 228
(4.360)

2H-SiC  3.059 5.017 0.014 229
(3.076) (5.048)

B. Electronic structure

Figures 3(a) and 3(b) show the total density of states and
the valence charge density of Al,OC, respectively. A,OC is
an insulator with a band gap of about 3 eV. We note that the
LDA calculations generally underestimate the band gap, but
more accurate calculations of this gap (for example, by the
GW approximation) were beyond the scope of the present
study. The valence bands are mainly composed of the C 2s,
O 2p, and C 2p states. Due to the larger electronegativity of
O compared to C, the O states have lower energy, and are
more localized, as evidenced by the narrower band. The par-
tial DOS of Al is very low in the valence bands because of
the charge transfer from Al to O and C. The charge transfer
can be seen directly from the charge density map shown in
Fig. 3(b), in which the valence charge density is much lower

TABLE II. Atomic coordinates of Al;OC. (No experimental val-
ues are available.)

Wyckoff

Space group letter X y z
oP8 (Pmc2,) Al(1) 2b 0.5 0.6687  0.9960
Al(2) 2a 0 0.1558  0.9968
(0} 2b 0.5 0.6706  0.3771
C 2a 0 0.1896  0.3789

hP4 (P6m2) Al(1) la 0 0 0

Al(2) 1d 1/3 2/3 0.5

(0} 1b 0 0 0.5

C le 173 2/3 0
oP16 (Pna2,)  Al(1) 4a 0.0765 0.6337 0.9881
Al(2) 4a 0.0818 0.1182 0.9919
0} 4a 0.0801  0.6239  0.3700
C 4a 0.1020 0.1232  0.3720
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FIG. 3. (Color online) (a) Density of states, and (b) valence
charge density (in electron/A3) of ALOC (0oP8). The Fermi level
lies at the energy zero in the DOS plot.

around Al than around O and C, indicating the ionic charac-
ter of Al,OC.

C. Mechanical properties

While the bulk modulus of a material can be readily cal-
culated from the equation of state, the full set single-crystal
elastic constants are needed to obtain the shear modulus.
Here we extract the elastic constant from fitting the calcu-
lated stresses to applied strains. The nine single-crystal elas-
tic constants of ALLOC are listed in Table III. The polycrys-
talline elastic constants were calculated from the single-
crystal elastic constants using the Voigt-Reuss-Hill averaging
scheme.?” Note that the bulk modulus obtained from the
equation-of-state fitting and that from the Voigt-Reuss-Hill
averaging can be used as a check of the precision of the
calculations. In the present case, the two values are almost
identical (163 GPa vs 164 GPa). The eigenvalues of the elas-
tic stiffness matrix are 71, 93, 98, 177, 183, 503, indicating
that the matrix is positive-definite, and that the crystal is
mechanically stable, although energetically metastable at low
temperatures. For comparison, we also calculated the bulk
moduli of two polytypes of SiC, which are 229 GPa and
228 GPa, respectively. They are in good agreement with the
experimental value of 225 GPa.**

To calculate the ideal tensile strengths for Al,OC and
2H-SiC, the crystals were subjected through a series of in-
cremental strains, with the corresponding stresses calculated
with the Hellmann-Feynman theorem. Poisson’s contractions
were applied until the stress components normal to the ap-
plied strain were less than 0.1 GPa. Atomic coordinates were
also relaxed by this procedure. Based on the widely adopted
assumption! that other instabilities (such as soft phonon
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TABLE III. The single-crystal elastic stiffness constants c;; of ALLOC (oP8). The polycrystalline bulk moduli (B), shear moduli (G),
Young’s moduli (E), and Poisson’s ratio v were obtained using the Voigt-Reuss-Hill averaging scheme. All the elastic constants are in GPa

except for the dimensionless v.

C11 C12 C13 €22 €23 €33

Css Ce6 B G E 14

331 116 113 267 84 265

93 98 164 87 225 0.27

modes®?) have no effect at stresses lower than the peak
stress, the peak stress in the predicted stress-strain curve was
taken to correspond to the ideal tensile strength.

The computed stress-strain curves, shown in Fig. 4(a) for
Al,OC and 2H-SiC along the [001] direction, provided the
basis for the calculation of the Young’s moduli and the ideal
strengths, which are listed in Table IV. For comparison, the
ideal tensile strength of 50.0 GPa was computed for 2HSiC,
which is close to values quoted in the literature based on
experimental measurement (53.4 GPa) (Ref. 33) and other
theoretical calculation (50.4 GPa).>* Because the [001] ten-
sile direction is the elastically stiffest one for SiC, the calcu-
lated Young’s modulus of 534 GPa is greater than the experi-
mentally measured value of 448 GPa for hot-pressed,
polycrystalline SiC. For AL,OC, the calculated Young’s
modulus and the strain at the peak stress were found to be
246 GPa and 10%, respectively, giving an ideal tensile
strength of 22.5 GPa. As for SiC, Young’s modulus in the
[001] direction of Al,OC is also larger than the polycrystal-
line value (225 GPa).

Figure 4(b) shows the bond lengths for Al,OC under
[001] tension. As described above, all four neighbors of O
and C are Al for Al,OC. Among the four Al-anion bonds in
each tetrahedron, one is parallel to the [001] direction, and
the other three are at about 110° to the [001] direction. There
are two tetrahedra in each unit cell, one with one Al-O bond
parallel to the [001] direction, the other with one Al-C bond
parallel to the [001] direction. Since the calculated bond
lengths of the three Al-anion bonds that are not parallel to the
[001] axis are not equal, only an arithmetic average is shown
in Fig. 4(b) for clarity. The calculations showed that the
bonds along the tensile direction were elongated, whereas the
other bonds were nearly unchanged under the [001] tension.
The change in bond lengths for Al-O is more prominent than
for AI-C. At strains larger than 10%, the Al-O bond is
stretched to rupture. Thus, the Al-O bond is weaker than the
Al-C bond in Al,OC. This is somewhat surprising consider-
ing that Al-O bonds are generally thought to be strong, as
manifested by the high hardness of Al,O;. However, we note
that Al and O in Al,O5 form octahedra, instead of tetrahedra.
This means that the tetrahedral coordination of Al by O in

TABLE IV. The calculated Young’s moduli E, ideal tensile
strengths oy, and the peak strains along the [001] direction of
Al,OC (0P8) and 2H-SiC.

E (GPa) oiq (GPa) Peak strain
Al,OC 246 22.5 10%
2H-SiC 534 50.0 16%

AlL,OC is not the preferred configuration, resulting in the
weaker bonding interaction between Al and O. In contrast,
the Al and C are in a tetrahedra configuration in Al,Cs, sug-
gesting that the tetrahedral coordination in Al,OC is a favor-
able environment for the Al and C atoms, forming strong
bonds.

IV. CONCLUSIONS

The mechanical properties and electronic structure of
Al,OC, a nanoscale intergranular phase found in SiC ceram-
ics or a metastable component stabilized in wurtzite compos-
ites, have been investigated using first-principles calculations
based on an optimized structure model. The full set of single-
crystal elastic constants, the polycrystalline elastic constants,
and the tensile properties along the [001] direction have been
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FIG. 4. (a) Computed stress-strain curves for Al,OC (oP8) and
2H-SiC along the [001] direction; (b) Al-O bond length (circles)
and Al-C bond length (squares) in Al,OC under the [001] tension.
The solid and open symbols denote the bonds parallel and oblique
to the [001] tensile direction, respectively.
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calculated. Generally speaking, the strength of Al,OC is
about one-half that of SiC. As the presence of Al,OC bound-
ary films in SiC is known to impart high toughness in SiC by
inducing intergranular fracture, these calculations provide
the conformation that cracks in these ceramics should deflect
along the grain boundaries within the low strength
AL, OC-type intergranular films. While Al,OC would be un-
suitable as a single-phase strong solid, it provides a practical
and controllable means for modifying the mechanical prop-
erties of known materials, e.g., as an alloying component in
AIN (Refs. 1-6) or an additive to SiC.””?
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